Abstract ─ In this paper, we propose a novel linear microstrip array antenna with high gain and low sidelobe level (SLL) for outdoor WLAN applications. The array antenna includes of two main parts: a linear array and a reflector. Specifically, the array is linearly constructed with 10 elements; those are placed on Rogers RT/Duroid 5870 tm substrate with the dimensions of 422×100×10.15 mm 3 . Furthermore, to acquire the SLL reduction, a series fed network is designed to have the output signals being proportional to the Chebyshev distributions (with the preset SLL of -30 dB). On the optimization of the single element, Yagi antenna theory is applied by adding two directors above each element to increase its directivity. Additionally, we put a reflector at the back side of the proposed array. Simulation results indicate that the array operates well at 5.5 GHz with the high gain of 17.5 dBi and a low SLL of -26 dB. A prototype has been fabricated and measured to validate the simulation results. Good agreement between simulation and measurement data have been obtained. This proves that the presented array antenna can be a good candidate for WLAN applications.
I. INTRODUCTION
Printed antenna arrays are usually used in telecommunication systems such as point to point and point to multipoint, in radar microwave, and millimeter systems. However, combining antenna elements in an array may lead to larger in size and the side lobe level (SLL) will be high, which is the main drawback of such kind of antenna. The high SLL in the array may be caused by: tolerances in fabrication, mutual coupling between radiating elements, limitations in feasibility of feeding network realization, surface wave effect as well as parasitic radiation from a feeding network.
Several techniques to reduce the SLL of the array have been investigated and proposed in the literature [1] [2] [3] . In the digital beamforming (smart antennas) or radar systems, Binomial, Chebyshev and Taylor distributions have been commonly applied in power excitation of the array to get low SLL. In the ordinary arrays, the same thing can be achieved by designing the feeding network which has output power corresponding to these distributions. Among several types of array feeding structures, there are two common types of feeding network for the array: corporate fed and series fed. The discontinuities, bends and power dividers in the corporate fed array may cause spurious radiation that raises the SLL to high levels, especially in large arrays. In some cases, a single high-directive element is used to avoid the spurious effect of the feeding network [4, 5] . In opposite with the corporate one, the series fed, which employs shorter and fewer transmission lines, leads to an array antenna with smaller size, lower attenuation loss and spurious radiation from the feed lines. Recently, several attempts have been done to suppress the SLL in the printed array antennas [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . A novel aperture coupled microstrip antenna array has been proposed in [8] . The antenna consists of a total 100 microstrip elements that are arranged in two rows of 50 elements, with element spacing of 0.51 free-space wavelength. A SLL of -20.9 dB has been obtained. However, due to using a large number of elements, the size of the whole array is considerably large while the SLL is not low. In [13] , Saputra et al. have introduced a sidelobe suppression method for X-band antenna array by designing a novel feeding network with Chebyshev distribution. The array operates at 9.3 GHz and can give -19.4 dB SLL. As the complexity of the feeding network and the limited number of elements, the gain is only 12.3 dBi and the SLL is still high. Another 6 elements array antenna with linear series fed has been presented in [12] . A wideband of 6.5 % has been obtained, but the SLL and the gain acquired are still not good, which are -20 dB and 14.2 dBi, respectively. Lower SLLs have been tackled and obtained in [9, 14] . By using the optimized distribution coefficients through differential evolution algorithm, a wideband and lower SLL have been achieved in slot antenna with series fed network in [9] . The antenna includes of 10 elements which are arranged in a series feeding network. The SLL and half power beam-width (HPBW) are -25.3 dB and 8.4 0 , respectively. However, the gain achieved is only 14.5 dBi. In addition, the authors in [14] have proposed a low SLL and wideband series fed dielectric resonator antenna (DRA) array. The proposal can get a very low SLL of -30 dB and high gain of 19 dBi. Nevertheless, the large number of elements (up to 22 dielectric resonators have been used) result in a large size. Besides, the fabrication could be complicated as complex design techniques have been used. Similarly, two other DRA arrays have been introduced in [11, 16] . The array [16] works at 60 GHz, while the counterpart operates at 7.4 GHz. The SLL are -27.7 dB and -23 dB, respectively. Bayderkhani and Hassani have presented two linear series fed Yagi-like array samples in [10, 15] . The arrays have 22 similar Yagi line elements, which can provide the gain of 15.3 dBi and the SLL of about -27 dB. In spite of using a huge number of single elements and the Chebyshev distribution with the SLL preset to -35 dB, the gain and the SLL is not noticeably good. Hassani and his other colleagues have continuously proposed two other low SLL arrays [6, 7] . The sample in [7] has the SLL of 20 dB, while the lower SLL (-33.2 dB) has been obtained in [6] . However, the gain in [7] is remarkably high with 18.2 dB compared to just -15.9 dBi in [6] .
In this paper, a high gain, low SLL, microstrip linear antenna array will be introduced. The design procedure from single element, feeding network and the complete array will be specifically demonstrated. The array consists of 10 single elements, which are double-sided printed dipoles (DSPD). The low SLL is obtained by designing the series fed network with the output power corresponding to the Chebyshev coefficients (preset SLL of -30 dB). As can be seen from the simulation results, the antenna operates well at 5.5 GHz with the bandwidth of 212 MHz. Moreover, a high gain of 17.5 dBi has also been acquired, while the SLL is low at -26 dB. Fabrication and measurement have been done, and simulated results have been validated with the corresponding measured data. Good agreements between simulation and measurement have been shown.
II. ANTENNA DESIGN AND STRUCTURE

A. Design of the single element
To build an array, a single element should be first selected and designed. In this work, to guarantee the requirements in both size and performance, DSPD has been used as the single element of the array. In authors' previous work [17] , we have presented and analyzed this kind of antenna in details. Figure 1 gives the proposed DSDP used as single elements in the array construction. The length of the feed line and the patch can be given by approximately a quarter of the wavelength (λ g /4 = /4 0√ ). The width of the patch can be calculated by equation (1):
where,
In this paper, the DSDP is placed on the Roger RT/Duroid 5870tm (thickness of 1.575 mm and εr = 2.33), and has been adjusted to work at 5.5 GHz with the impedance Zd = 100Ω at the center frequency. The final dimensions of the single element are given in Table 1 .
The simulated S11 and radiation pattern of the DSDP are shown in Fig. 2 and Fig. 3 , respectively. It is clear that the DSDP can work well at 5.5 GHz with the gain of 5.27 dBi. This DSDP will be used as the single element of the array in this work. 
B. Design of the feeding network
This section will present the procedure to design the feeding network using in the array. The series fed network for the linear array is designed to match with the single element in the previous section to form a 10×1 array antenna. The Chebyshev distribution with preset SLL of -30 dB has been utilized as the output coefficients' target. In order to obtain the Chebyshev distribution in the series fed network, different shunt stubs have been added to the feed line so that the amount of signal flowing out each output port can be easily controlled. The operation and the equivalent circuit of the stub in the antenna are given in the Fig. 4 . According to [18] , the equivalent shunt capacitor of shunt stub can be calculated by:
where Yc is the equivalent admittance of the stub, l is the length of the stub vp is the phase velocity, g is the wavelength in the substrate. As the symmetrical properties of Chebyshev distribution, the proposed feeding network has a mirror like structure. Indeed, the feed has a main line which is fed by the 50Ω line at the center. To form the symmetrical geometry, the same feeding line and shunt stubs are equally distributed on each side of the central line. These stubs serve as shunt capacitors and play as impedance matching to control the output amplitude excited at each element. Due to the effect of shunt stubs in the impedance matching point, the S parameters at each port related to the input port will be easily handled. It means that the energy flowing out each output port can be controlled [19] . The feed model at one side and the equivalent circuit are shown Fig. 5 . In this work, the feeding network has been designed for 10×1 antenna array with the Chebyshev amplitudes corresponding to SLL of -30 dB. The Chebyshev amplitudes for 10 elements are given in the Table 2 . The impedance of the shunt stubs (Zs1, Zs2 ,…, Zs4) can be determined using theory given in [20] as follow: Zs1/ZTL = u2/u1 = 0.8780; Zs2/ZTL = u3/u1 = 0.6692; Zs3/ZTL = u4/u1 = 0.4300; Zs4/ZTL = u5/u1= 0.2575. For determining the value of impedances and the value of shunt stubs, the main line should be first selected. The different values of the main line have been simulated, and the results are given in Fig. 6 . The wider bandwidth has been achieved with the main line impedance of 178Ω. Hence, the main line has been designed with the impedance of 178Ω. Eventually, these values of Zsi have been calculated as given in Table 3 . Figure 7 shows the final series fed network of 10 elements designed on Roger RT/Duroid 5870tm substrate (the height of 1.575 mm and the permeability of 2.33) with the dimensions of 55×385×1.575 mm 3 . Synthesized parameters of 10×1 series fed network is given in Table  4 [21] . Table 5 gives the simulated amplitude and phase data at each output port. It is clear that the simulated amplitude coefficients coincide with the Chebyshev distribution with small negligible differences. The normalized radiation pattern of simulated coefficients from the feed and the corresponding one from theory have been presented in Fig. 8 . This series fed network can be combined with single elements to construct a linear antenna array which has the SLL suppressed to -27 dB. 
C. Design of the array
The array structure is obtained by combining optimized single elements and the series fed network developed in the previous sections.
So as to increase the gain, two techniques are being applied in the design of the array. Firstly, as the inspiration of Yagi theory, directors are being added into the elements of the array [20] . Hence, according to the theory given in [20] that the directors in Yagi antenna should be around 0.4λ to 0.48λ, each single element has been integrated with three directors, which have the same size of 2.5×15 mm (0.42g ×0.07g), at both sides of the DSDP. The number of directors can be designed larger subject to the trade off between gain and dimensions required in the array. The simulated results of the gain and the SLL with respect to the sample with and without directors will be specifically presented and discussed. Secondly, a reflector is being placed at the back of the main array with the distance of g ≈ λg/4 (as shown in Fig. 9 (c) ) so as to boost up the gain of the whole array. The overall size of the proposed array is 422×100×10.15 mm 3 as given in Fig. 9 . The optimized array has been fabricated and measured in the laboratory as shown in the Fig. 10 . In Section 3, the detailed results will be compared and discussed. 
III. RESULTS AND DISCUSSION
A. Simulation results
In this work, the element and array are simulated using the CST Studio Suite 2016 in the notebook computer with the configuration as given in Table 6 . The total time required to completely run the simulation in this computer is nearly 10 minutes. Figure 11 shows the simulated S11 of the array. The proposed antenna operates at 5.5 GHz with the bandwidth of 212 MHz at -10 dB of S11. Though the single element can provide wide bandwidth (about 1.3 GHz bandwidth), the constructed array antenna can just operate at a part of the full bandwidth of the applications. This may result from the effect of the feed or the mutual coupling between the elements when combined. Fig. 11 . Simulated S11 of the array [15] .
The radiation pattern, gain and SLL over the operating frequency have also been demonstrated in Figs. 11 and 12. As can be seen from Fig. 12 , a narrow HPBW of 10.4 0 is acquired over 5.4 GHz -5.65 GHz band.
The stable gain at about 17 dBi, and the SLL, which is lower than -20 dB, are obtained over the bandwidth as given in Fig. 13 . At 5.5 GHz, the gain of 17.5 dBi and low SLL of -26.0 dB have been acquired. In comparison with those from theory and the feeding in [21] , the SLL of the array in this paper is 1.79 dB higher (see Fig. 8 ).
It proves the capability of applying the series fed network to simultaneously obtain high gain and low SLL arrays. It is noticable that the SLL and gain in the case with added directors are better compared to that of the array without directors. Therefore, the benefits of high gain in Yagi antenna has been successfully leveraged and employed in this proposal, and approximate 1 dB gain higher is achieved by using 3 additional directors. Fig. 13 . The gain and SLL over the operating bandwidth.
The gain over operating frequency band of the sample with and without the reflector is shown in Fig. 14. The array with the reflector definitely has higher gain (about 3 dB) compared to the one having no reflector. Hence, the use of the reflector has a great advantage in terms of gain enhancing. 
B. Experimental results
The measurement of the prototype has been done and the measured data has been compared to that of the simulation. Figure 15 shows the simulated and measured return loss of the antenna. It can be seen that the operating frequency of the antenna is 5.5 GHz with the bandwidth (at S11 = -10 dB) of 212 MHz. The simulated and measured radiation patterns in E and H plane are also compared and presented in Fig. 16 . It is clear that simulated data have agreed well with measured ones. Indeed, the gain in simulation and measurement are 17.5 dBi and 17.1 dBi, respectively. Moreover, the low SLL in measurement has been also achieved with about -25.62 dBi compared to -26 dB from the simulation. The cross polarization in both simulation and measurement has also been given and they are both lower than -20 dB.
The results in this work have also been collated with the other works from the literature as shown in Table 7 . It can be seen that with the same number of elements, the proposed array has the gain of 17.5 dBi, which is higher than that of [9] with just 14.5 dBi and [16] with about 15.7 dBi. Moreover, the SLL in this work is 0.7 dBi lower than that in [9] but 1.7 dBi higher than that in [16] . In comparison with the work in [9] , our array has better results in terms of both gain and SLL, but honestly the proposed array size is larger than that in [9] in term of wavelength.
IV. CONCLUSIONS
In this paper, a novel high gain and low sidelobe level linear microstrip antenna array for outdoor WLAN applications has been proposed. The design procedure from the single element to full array construction has been presented in details. In order to get low SLLs, Chebyshev weighting method has been deployed in the feeding network of the antenna. The Chebyshev excitation coefficients have been obtained in the feed by using the shunt stubs added at the feed line of each element. The simulated results show that the array can operate at 5.5 GHz with the bandwidth of 212 MHz and has a high gain of 17.5 dBi with the low SLL of about -26 dB. A prototype has also been fabricated and measured to validate the simulation results. It is clear from the comparison that simulated and measured data agree well with each other. "
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